Captive breeding programs for wildlife species typically rely on pedigrees to inform genetic management. Although pedigree-based breeding strategies are quite effective at retaining longterm genetic variation, management of zoo-based breeding programs continues to be hampered when pedigrees are poorly known. The objective of this study was to evaluate 2 options for generating single nucleotide polymorphism (SNP) data to resolve unknown relationships within captive breeding programs. We generated SNP data for a zoo-based population of addax (Addax nasomasculatus) using both the Illumina BovineHD BeadChip and double digest restriction siteassociated DNA (ddRAD) sequencing. Our results demonstrated that estimates of allele sharing (AS) between pairs of individuals exhibited low variances. Average AS variances were highest when using 50 loci (SNPchip all = 0.00159; ddRAD all = 0.0249), but fell below 0.0003 for the SNP chip dataset when sampling ≥250 loci and below 0.0025 for the ddRAD dataset when sampling ≥500 loci. Furthermore, the correlation between the SNPchip all and ddRAD all AS datasets was 0.88 (95%CI = 0.84-0.91) when subsampling 500 loci. Collectively, our results indicated that both SNP genotyping methods produced sufficient data for accurately estimating relationships, even within an extremely bottlenecked population. Our results also suggested that analytic assumptions historically integrated into the addax pedigree are not adversely impacting long-term pedigree-based management; kinships calculated from the analytic pedigree were significantly correlated (P << 0.001) with AS estimates. Overall, our conclusions are intended to serve as both a proof of concept and a model for applying molecular data to the genetic management of captive breeding programs.
, the same resources have failed to be broadly adopted by the conservation breeding community for similar purposes (Fienieg and Galbusera 2013) . Captive breeding programs for threatened and endangered species typically rely on pedigrees to inform genetic management, because breeding strategies that minimize the overall kinship in a population have been shown to maximally retain a population's long-term genetic variation (Ballou and Lacy 1995; Montgomery et al. 1997; Fernandez and Toro 1999; Toro et al. 1999; Ivy and Lacy 2012) . These pedigree-based breeding strategies are quite effective for species that can be housed in monogamous pairs-felids, raptors, bears, hornbills, iguanas. However, the genetic management of species maintained in herds, flocks, schools, or other similar groups-antelope, flamingos, bats, fish, frogs-continues to be significantly hampered by incomplete or inaccurate pedigrees. The application of molecular resources to these types of captive populations, where maintaining accurate pedigrees is challenging, could markedly improve their long-term genetic management (Bosse et al. 2015) .
The use of microsatellite markers for ascertaining parentage in wildlife populations is well established (Marshall et al. 1998; Jones and Ardren 2003) . However, there are several notable drawbacks to applying these standard techniques to resolving the pedigrees of ex situ populations. Possibly the most significant challenge is a lack of historic genetic samples. Even when molecular data can be used to construct contemporary pedigrees for living animals, deeper historic pedigrees remain incomplete. Because kinship-based breeding strategies rely on pedigrees that terminate at a "baseline" population within which relationships are either known or individuals are assumed to be unrelated (or equally related), resolving only contemporary parentage accomplishes little more than allowing population managers to avoid breeding recent relatives. The long-term retention of gene diversity from individuals founding the currently living captive population, an important tool in assessing management success, cannot be estimated. An alternative to using molecular data for constructing pedigrees is to estimate the kinships among living individuals directly. Even this use of molecular data, however, is hampered by challenges. One such significant challenge has been the development of suites of suitably variable molecular markers for estimating relationships in frequently inbred populations of nonmodel species. Molecular estimates of relationship, either kinship or relatedness, that are estimated from traditional suites of molecular markers, like microsatellites, suffer from large sampling variances (Csilléry et al. 2006 and references therein) . This inaccuracy is exacerbated within captive populations. Many captive populations are founded with only small to moderate numbers of wild-caught individuals (median is 15 among 264 AZA Animal Programs; Long et al. 2011) , which are sometimes already known or suspected to be related to each other (Haig et al. 1995; Ivy et al. 2009; Mitchell et al. 2011) . Furthermore, most populations remain largely closed over time, which can result in moderate to high levels of inbreeding (De Bois et al. 1990 ). Due to these factors, the inaccuracy of molecular estimates of relationship is further inflated in genetically depauperate captive populations (Tokarska et al. 2009; Santure et al. 2010; Henkel et al. 2012) . Given these challenges, it is not surprising that molecular resources have not been broadly applied to the hundreds of species and thousands of individuals being managed in captive breeding programs.
Single nucleotide polymorphisms (SNPs) offer greatly improved estimates of pair-wise kinship or relatedness over microsatellites (Allendorf et al. 2010; de Cara et al. 2011) . A shift to the utilization of SNPs is also timely, as current technologies have increased the ease with which SNP data can be generated for non-model species (reviewed in Ekblom and Galindo 2011; Peterson et al. 2012) . One option for generating SNP data on captive populations is the utilization of commercially available "SNP chips" which are available for many domestic species. SNP chips are microarray assays that score thousands of previously characterized SNP loci simultaneously for 2 alleles. SNP chips originally designed for agricultural species have recently been used for generating data on wild species of cervids and bovids (Decker et al. 2009; Pertoldi et al. 2010; Michelizzi et al. 2011; Ogden et al. 2012; Haynes and Latch 2012) , equids (McCue et al. 2012) , and ovids (Miller et al. 2012) . SNP chips for domestic species also have been used to generate data on more taxonomically diverse species such as seals (Hoffman et al. 2013 ) and wild canids (vonHoldt et al. 2011) , while the human SNP chip has been used for the great apes (Hacia et al. 1999) . Although the numbers of informative SNP loci genotyped through these cross-species applications rapidly decline with phylogenetic distance and show signs of ascertainment bias (Seeb et al. 2011) , data from a sufficient number of SNP loci to accurately estimate kinship or relatedness can still often be generated. For example, many commercially available chips for domestic species contain at least 50 000 loci and ~5% of those loci are expected to amplify for a wild species which diverged 3 MYA (Miller et al. 2012) ; the expected number of informative SNPs under these conditions is therefore ~2500. Given that SNP chips are currently available for numerous agricultural (cow, sheep, pig, chicken, salmon, trout), domestic (dog, cat), and model (mouse, rat, human) species, many taxonomically diverse captive breeding programs could use these existing resources.
A second option for generating SNP data for non-model species is restriction site-associated DNA (RAD) sequencing. RAD sequencing simultaneously discovers and genotypes SNP loci adjacent to restriction enzyme cut sites, resulting in thousands of SNPs being genotyped with no prior genomic information. The original RAD protocol (mbRAD, Miller et al. 2007; Baird et al. 2008) has been modified in a number of ways (ddRAD, Peterson et al. 2012; ezRAD, Toonen et al. 2013; 2bRAD, Wang et al. 2012) , resulting in varying approaches that offer flexible methodologies for different research goals (Puritz et al. 2014) . RAD data have recently been used for such diverse projects as building a linkage map for salmon (Gonen et al. 2014) , species delimitation among West African forest geckos (Leaché et al. 2014) , exploring the applicability of RAD data to address evolutionary questions across divergent species of cetaceans (Viricel et al. 2014) , and introgression among Zimmerius flycatchers (Rheindt et al. 2014) . Double restriction digest RAD (ddRAD) sequencing is a modification of the original RAD protocol that utilizes 2 restriction enzymes, one low-frequency and onehigh frequency cutter, and a precise fragment size selection step that results in the recovery of a high proportion of fragments from the same genomic regions across pooled, barcoded individuals (Peterson et al. 2012) . Given that significant overlap of genome-wide SNPs are needed across individuals for estimating kinship or relatedness, a ddRAD approach is a suitable choice for generating genomic data to improve the genetic management of captive breeding programs for wildlife.
SNP chips and ddRAD sequencing represent 2 markedly different types of resources available to the conservation breeding community, and both of these methods for generating SNP data have strengths and weaknesses. Utilizing commercial SNP chips often requires minimal laboratory work and offers greater genotyping redundancy because the same loci are interrogated across all individuals (Oliphant et al. 2002; Steemers and Gunderson 2007) , although ascertainment biases can be a concern if a high proportion of conserved genomic regions containing ancestral polymorphisms are assayed (Haynes and Latch 2012) . In comparison, ddRAD sequencing typically provides data on a greater number of SNP loci and allows for large numbers of taxonomically divergent individuals to be pooled and genotyped simultaneously. Disadvantages of the ddRAD sequencing approach include higher error rates (Puritz et al. 2014) and substantial post-sequencing data processing to obtain SNP genotypes.
The objective of this study was to evaluate the use of SNP chips and ddRAD sequencing for generating molecular data to resolve relationships within captive breeding programs with poorly known pedigrees. Addax (Addax nasomasculatus) was selected as a test species because the zoo-based population in North America exhibits characteristics typical of many such captive breeding programs; the current population of ~200 individuals is descended from only ~15 founders and only ~13% of the pedigree can be traced to a subset of these founders (Addax International Studbook current to 31 December 2011; Enright 2012). The conclusions of this study are intended to serve as both a proof of concept and a model for applying molecular data to genetic management of captive breeding programs for threatened and endangered species.
Methods

DNA Extraction
Blood (whole blood, red blood cells, or buffy coat; n = 35), dried whole blood on FTA cards (n = 10), tissue cell culture (n = 1), and tissue (n = 2) samples from a total of 48 captive addax were included in the study. Samples were obtained from North American zoos and San Diego Zoo's Frozen Zoo ® . DNA was extracted from whole blood and tissue samples using either a QIAamp DNA Mini Kit (Qiagen, Valencia, USA) or a standard phenol-chloroform extraction. DNA was extracted from ~3 mm in diameter FTA card punches using a QIAamp DNA Mini Kit and the applicable manufacturer's protocol. Twenty-five of the 48 individuals included in the study were genotyped using both a SNP chip and ddRAD sequencing.
SNP Chip Genotyping
Genomic DNA from 25 addax (~500 ng per individual) was genotyped at a commercial lab (GeneSeek) using the Illumina BovineHD BeadChip. The assay included more than 777 000 SNP loci uniformly distributed across the bovine genome with average and median gap sizes of 3.43 and 2.68 kb, respectively (Illumina Pub. No. 370-2010-018 ). Illumina's GenomeStudio software (Illumina Inc., San Diego, USA) was used to provide nucleotide calls based on the raw hybridization intensity files (.idats) supplied by GeneSeek. The BovineHD (.egt) cluster files were used for cluster separation and genotyping calls were made using the recommended GenCall Score cutoff value of 0.15. A custom perl script was used to discard calls made with low raw intensity values (combined X and Y raw intensities < 2000), a filtering method that ensured that only calls falling within a similar intensity range as that of the domestic species were included in subsequent analyses.
Nucleotide calls were imported into PLINK (Purcell et al. 2007 ) for further filtering. Only those loci that were genotyped in at least 90% of samples were retained and polymorphic loci (SNPs) were defined as those loci exhibiting 2 or more alleles across all individuals (given our sample size, this meant minor allele frequencies were greater than 1%). A second dataset was created that included only SNPs for which the minor allele was found in 2 or more individuals, thereby reducing the effects of genotyping error on analyses (Nielsen et al. 2012) . Individuals with low genotyping rates (<40% successful calls) were excluded from further analyses. This lower threshold was used in order to account for the reduced hybridization potential of the addax DNA as a result of the evolutionary distance (~23 MY) from the domestic cow (Matthee and Davis 2001) . The remaining biallelic loci were then exported from PLINK into Genepop format for downstream analyses.
ddRAD Sequencing
Genomic DNA from 48 addax was genotyped using ddRAD sequencing. All 48 samples were pooled into a single Illumina library and sequenced in 1 flowcell on an Illumina HiSeq platform using a paired-end PE100 protocol (Institute for Genomic Medicine, University of California, San Diego). Library preparation followed the protocol described in Peterson et al. (2012) , with several modifications. Approximately 500 ng of genomic DNA from each individual was double-digested using the SpeI and Sau3AI restriction enzymes. Immediately following digestion, each sample was ligated to 1 of 8 barcoded adapters (Supplementary Table 1) , then pooled into 6 groups (each group included 1 individual representing each of the 8 possible barcodes). Pooled groups were size-selected for 300-350 bp fragments using an E-gel iBase Power System (Life Technologies). PCR was then performed to add 1 of 6 Illumina sequencing indexes to each group (Supplementary Table 1) . Following PCR, all 6 groups were pooled at equimolar concentrations into a single Illumina library for sequencing. Our detailed library preparation protocol is provided in Supplement 1.
Multiple modules within the open source software Stacks v1.05 (Catchen et al. 2011; Catchen et al. 2013) were used for SNP discovery and genotyping. Raw Illumina sequencing reads were first de-multiplexed to identify individual samples using the program process-radtags. High quality reads with the correct barcode and restriction enzyme site were retained. Next, the ustacks program was used to identify exactly matching sequences within individual samples to create "stacks". Initially, to form a stack, a minimum of 3 raw 85bp reads were necessary. Putative SNP loci were identified as single nucleotide differences between any 2 stacks, where only 2 different nucleotides were present at a locus. Sets of stacks representing putative SNPs were merged and loci with unusually high coverage (more than 2 standard deviations beyond the mean coverage depth) were excluded as they may represent highly repetitive regions (Wagner et al. 2013) . Finally, the program cstacks was used to construct a catalog of matching SNPs from the 10 individuals with the greatest number of putative loci. All 48 individuals were compared against the catalog using the populations program. SNPs were retained if the depth of coverage at each locus was greater than 6 reads per individual. The final set of putative biallelic loci present in at least 50% of individuals was exported into Genepop format for downstream analyses. To ensure sufficient numbers of SNPs were retained, individuals with fewer than 1000 SNPs matching the catalog were removed from further analyses. Again, PLINK was used to create a second ddRAD SNP dataset filtered for minor allele frequencies so that SNPs were retained only if they were present in 2 or more individuals.
Estimating Error
The sequencing error rate for the ddRAD approach was estimated from the proportion of incorrectly sequenced barcodes (Emerson 2010) . The error rate estimate, which assumed a Poisson distribution of errors, was ln(1 − x)/5 with x being the proportion of barcodes with at least 1 sequencing error. The genotyping error rate for both the ddRAD and SNP chip datasets was estimated from 2 sample trios for which sire, dam, and offspring were genotyped. Autosomal patterns of inheritance were examined with the software program PLINK v.1.07 (Purcell et al. 2007 ), utilizing only loci where all 3 members of the trio were genotyped. Results are reported as the proportion of genotyped loci in Mendelian agreement (1 − [number of trio errors/number of loci genotyped]). Although Mendelian agreement should be very close to 1.0 for both datasets, a portion of the genotyping error can be attributed to SNPs with a non-autosomal pattern of inheritance (i.e., SNPs located on mitochondrial DNA or sex chromosomes).
Molecular Coancestry
Most methods that estimate relatedness (r) among individuals from molecular data rely on ancestral allele frequencies to serve as a reference for the population of interest (Lynch 1988; Lynch and Ritland 1999; Wang 2007; VanRaden 2008) . Meaningful population-level allele frequencies are often very difficult, if not nearly impossible, to estimate for captive populations that are extensively fragmented across numerous institutions and are managed through non-random mating strategies, making molecular analyses methods that rely on them ineffective. Estimates of allele sharing (AS) among individuals, similarity indexes sometimes referred to as molecular coancestry, provide an alternative for estimating relationships among individuals when allele frequencies cannot be calculated. A custom Python script was used to score the identity by state between individuals within the ddRAD and SNP chip datasets (Caballero and Toro 2002; Eding and Meuwissen 2001; Gutiérrez et al. 2005) . Allele sharing for any individual AS ij , at a given locus l was calculated using the following algorithm: where I xy is 1 when allele x on locus l in individual i and allele y on the same locus in individual j are identical, and zero if they were not (Gutiérrez et al. 2005) . AS was estimated at 50, 100, 250, 750, and 1000 randomly subsampled loci for each dataset. AS between 2 individuals was obtained by averaging single-locus scores over the number of loci analyzed. Average AS between individuals (AS) and the variance were obtained by performing 1000 bootstrap replicates with replacement across each specified number of loci. Correlation between pairwise allele sharing generated through the ddRAD and SNP chip approaches was examined using the Pearson productmoment correlation coefficient (Pearson's r). The proportion of variance (R 2 ) from a linear regression was used to determine the effect of filtering for minor alleles in the ddRAD and SNP chip approaches.
AS
Pedigree Kinship
An analytical version of the International Addax Studbook was used to calculate pedigree-based kinships and inbreeding coefficients for the sampled animals using the software program PMx . The kinship (f) between 2 individuals is the probability that 2 alleles randomly sampled from homologous loci, 1 allele from each individual, are identical by descent from a common ancestor (Falconer 1981) . By extension, the mean kinship (MK) of an individual is the average kinship between that individual and all living individuals in the population including itself. An individual's inbreeding coefficient (F) is equal to the kinship between that individual's parents. Because of pedigree uncertainty, population managers have made a number of analytic assumptions to facilitate pedigree-based breeding recommendations (Houston et al. 2013 ). For example, in a number of cases of uncertain paternity, the oldest, most well-established breeding bull housed with an institution's herd was assumed to be the sire. Following the addition of these assumptions, the proportion of the living pedigree that can be traced to specific founders is increased from ~13 to 94.9% (Houston et al. 2013) . Correlation between pedigree-based kinship and molecular coancestry estimates was examined using the Pearson product-moment correlation coefficient (Pearson's r) and the proportion of variance (R 2 ) from linear regression. We hypothesized that the degree of correlation between the pedigree and molecular estimates of relationship would provide information on the accuracy of the pedigree assumptions. In particular, outliers were expected to identify individuals linked to incorrect pedigree assumptions.
Data Archiving
In fulfilment of data archiving guidelines (Baker 2013) , we have deposited the primary SNP genotypes and pedigree-based kinships used for all analyses in Dryad.
RESULTS
SNP Chip Genotyping
A total of 25 individuals were assayed on the Illumina BovineHD BeadChip, although 1 sample with a 0% nucleotide call rate was removed from all further analyses. A total of 362 238 loci were successfully genotyped in at least 90% of remaining individuals, resulting in a 46% success rate for the assay. Of the loci that were genotyped, a total of 2928 were polymorphic in the addax, and 1875 of the polymorphic loci had the minor allele present in more than 1 individual. Both datasets of 2928 and 1875 SNP loci (SNPchip all and SNPchip 2 , respectively) were used for further analyses. The minor allele frequencies ranged from 0.02 to 0.5 (mean = 0.17) in the SNPchip all dataset and from 0.04 to 0.5 (mean = 0.26) in the SNPchip 2 dataset. Using the coordinates based on the UMD3.1 Bos taurus genome assembly (Zimin et al. 2009 ), the average gap size between SNPs was estimated to be 864.11 and 884.34 kb in the SNPchip all and SNPchip 2 datasets, respectively.
ddRAD Sequencing
The Illumina library generated 306 million raw paired-end sequencing reads. After raw reads were filtered for low quality scores and ambiguous barcodes, a total of 153 million reads remained. Sequence quality was high, with a resulting mean Phred score for each retained sequence of >35. After the Stacks software was used to identify SNPs, the 10 individuals with the greatest number of putative loci were used to create a catalog; 637 000 SNPs with a sequencing depth of ≥7 within each individual were identified. When sequence data from all 48 individuals were compared against the catalog, 44 632 SNPs with a sequencing depth of ≥ 7 matched the catalog. Fifteen individuals were genotyped at fewer than 1000 SNPs in the catalog and removed from further analyses. Nine of the 15 were individuals whose genomic DNA was derived from FTA cards and 3 others were from historic DNA samples extracted using phenolchloroform. Only one of the DNA samples obtained from an FTA card was included in further analyses. The SNP loci genotyped in the remaining 33 individuals were further filtered to remove any locus that was assayed in fewer than 50% of individuals. This resulted in 15 240 SNPs that were retained for further analyses (ddRAD all ). The SNP dataset was also filtered 1 final time to remove SNPs for which the minor allele was present in only a single individual. This second dataset (ddRAD 2 ) retained a total of 13 651 SNPs, with the number of loci genotyped per individual ranging from 1392 to 38 089 (mean = 20,121). Eighteen of the 33 individuals yielding SNP data from the ddRAD approach were also successfully genotyped on the Illumina BovineHD BeadChip.
Estimating Error
The sequencing error rate associated with the ddRAD approach was estimated from incorrectly called barcodes to be 0.60% per base, which is similar to the reported Illumina sequencing error (Glenn 2011) . The 2 sets of genotyped trios (sire, dam, and offspring) had a high degree of Mendelian agreement (>98%) using both ddRAD and SNP chip approaches, suggesting a high degree of SNP quality (Table 1 ).
Molecular Coancestry
Within SNP Chip and ddRAD Datasets Variance in pairwise allele sharing (AS) was used to compare the performance of SNP data when estimating AS at different numbers of randomly subsampled loci (Figure 1 ). Average pairwise variances for the SNP chip datasets were very low across all subsets of loci tested and showed little difference between the dataset using all genotyped SNPs (SNPchip all ) and the dataset using only those SNPs for which the minor allele was present in more than 1 individual (SNPchip 2 ). The average pairwise variance for SNPchip all was highest for 50 loci (σ 2 = 0.00159) and fell below 0.0003 when sampling ≥250 loci. Variances differed between the ddRAD all and ddRAD 2 datasets when 50, 100, and 250 loci were sampled, but the difference in variances became negligible when sampling ≥500 loci. The highest variance was seen for 50 loci (ddRAD all σ 2 = 0.0249, ddRAD 2 σ 2 = 0.0205) and fell to less than 0.0025 when 500 or more loci were sampled. Average pairwise variance was expected to be higher for small sets of subsampled loci generated by the ddRAD approach, when compared with the SNP chip approach, because ddRAD loci were filtered so that at least 50% of individuals (≥17 of 33 individuals) were genotyped at any given locus, while 90% of individuals (≥22 of 24 individuals) were required to be genotyped at each locus included in the SNP chip datasets. Thus, when subsampling AS estimates in ddRAD loci, individuals were genotyped for a smaller portion of loci on average compared to the SNP chip datasets. Because the variance was low and similar between genotyping approaches and datasets of ≥500 loci, 500 SNPs were used for subsequent AS analyses. Finally, there was significant correlation of pairwise AS estimates within methods between the datasets filtered for different minor allele frequencies (P < 2.2 × 10 −16 , Pearson's r). Using replicates of 500 loci, the ddRAD and the SNP chip datasets both exhibited high correlation (r = 0.95, 95%CI 0.94-0.96, and r = 0.98, 95%CI 0.97-0.98, respectively), indicating low sensitivity to the minor allele frequency filter. Using a simple linear regression, a strong positive relationship within methods and between the datasets filtered for different minor allele frequencies was also observed. Using the 18 individuals genotyped in both ddRAD and SNP chip datasets and 500 sampled loci, over 90% of the proportion of the variance in AS estimates was explained when comparing the filtered and nonfiltered datasets (Figure 2a and b) . It is worth noting that although the correlation between SNP chip datasets was high, values estimated from only loci for which the minor allele was present in 2 or more individuals (SNPchip 2 ) were generally greater than the corresponding values estimated from all loci (SNPchip all ). This effect was more pronounced at lower AS estimates and had the effect of moving the slope of the regression away from 1.0.
Between SNP Chip and ddRAD Datasets
To compare the performance of SNP data generated through SNP chip and ddRAD approaches when estimating AS, the correlation between AS estimates was examined for the 18 individuals genotyped through both approaches using 1000 replicates of 500 randomly subsampled loci. The correlation between the SNPchip all and ddRAD all allele sharing datasets was 0.88 (95%CI = 0.84-0.91), and declined slightly (r = 0.80, 95%CI = 0.74-0.85) when only the more stringently filtered datasets were considered (SNP-chip 2 and ddRAD 2 ). When comparing across genotyping approaches and differently filtered datasets, the SNPchip 2 and ddRAD all datasets exhibited a slightly stronger correlation (r = 0.87, 95%CI = 0.83-0.90) than the SNPchip all and ddRAD 2 datasets (r = 0.80, 95%CI = 0.74-0.95) but largely overlapping confidence intervals suggested agreement between the values. If SNPs with very low minor allele frequencies were the result of genotyping errors, correlations would be expected to improve when considering the datasets for which minor alleles were required to be present in more than 1 individual. This was not the case, possibly because the SNPs identified in only 1 individual were true SNPs. Since individuals were sampled across a 44-year time frame (birth dates of sampled addax ranged from 1965 to 2009), unique alleles would be filtered out, possibly decreasing the correlation between datasets. Both SNP chip datasets correlated equally well with each of the ddRAD datasets, and the correlations for the ddRAD all dataset were both equivalent across SNP chip datasets and higher than the correlations of the ddRAD 2 dataset to the SNP chip datasets.
Pedigree Kinship
The analytical addax pedigree, which incorporates pedigree assumptions to facilitate pedigree-based breeding recommendations, was used to examine the strength of correlation between pairwise kinship coefficients (f) and AS estimates. This correlation was also used to further explore the effects of filtering for SNPs with minor alleles present in more than 1 individual (SNPchip 2 and ddRAD 2 ) versus including all genotyped SNPs (SNP-chip all and ddRAD all ). A perfect correlation between f and AS estimates was not expected because of the extensive use of pedigree assumptions. Thus, the pedigree cannot be used as a tool for assessing the accuracy of the molecular datasets, as has been done in other studies where pedigrees are known with confidence (Cunningham et al. 2001; Hoffman et al. 2014) . Despite incorporated assumptions and the likely presence of pedigree errors in the studbook, across all datasets, the correlation between f and AS estimates using replicates of 500 loci were significantly correlated (P <<0.001; Table 2 ). Using the 18 individuals genotyped with both SNP chip and ddRAD approaches, the SNP chip datasets had the highest correlation across comparisons (SNP-chip all r = 0.90, 95%CI = 0.87-0.92; SNP-chip 2 r = 0.88, 95%CI = 0.85-0.90), although the ddRAD datasets also were highly correlated with f estimates (ddRAD all r = 0.79, 95%CI = 76-82, and ddRAD 2 r = 0.72, 95% CI = 0.67-75). A linear regression comparing SNP-chip and ddRAD datasets was significantly correlated between f and AS (Figure 3a and b). The SNP-chip all dataset had a stronger correlation (R 2 = 0.55, P < 0.001) than the SNP chip 2 (R 2 = 0.49, P < 0.001), ddRAD all (R 2 = 0.35, P < 0.001), and ddRAD 2 (R 2 = 0.30, P < 0.001) datasets. R 2 values here are predicted to be lower than those observed in a completely known pedigree (Hoffman et al. 2014 ) because of extensive pedigree assumptions (Decker et al. 2012) . Although there is a strong correlation between f and AS, pairs of individuals that are outliers in both ddRAD and SNP chip regressions compared to kinship estimates may represent incorrectly assigned parents or incorrect pedigree assumptions. Both ddRAD and SNP chip approaches identified the same outlier using Cook's distance (cutoff > 0.012 > 4/n, where n is the number of pairwise comparisons; Cook 1977) . Individuals with studbook numbers 101 and 1304 had AS estimates greater than expected given the pedigree assumption that the 2 individuals were not related (f = 0).
Discussion
Integrating SNP data into the genetic management of captive breeding programs with incomplete or poorly known pedigrees could markedly improve genetic diversity retention in those populations over the long-term. Both SNP genotyping methods evaluated by this study-a SNP chip and a ddRAD approach-produced sufficient data for accurately estimating relationships between animals, even within an extremely bottlenecked population. Addax was an apt test species for these analyses due to its conservation status in the wild and the history of the captive population in North America. Addax are a critically endangered antelope with fewer than 300 Table 2 . Correlation (r) and simple linear regression (R 2 ) were used to examine the relationship between pairwise kinship coefficients (f) based on the addax pedigree and allele sharing estimates (AS; averaged over 1000 replicates of 500 randomly subsampled loci). Both ddRAD (n = 33) and SNP chip (n = 24) genotyping approaches, using 2 different allele frequency filters, were compared to f. Figure 2 . Simple linear regression between pairwise allele sharing (AS) estimates from datasets filtered for different minor allele frequencies, using data from 18 individuals: (a) SNP-chip all and SNP-chip 2 (R 2 =0.98, P < 0.001) and (b) ddRAD all and ddRAD 2 (R 2 = 0.91, P < 0.001). Closed points are parentoffspring (light grey) or individual-to-self (black) estimates. Open circles are not known to be parent-offspring, but not all relationships were known with confidence due to the population's incomplete pedigree. AS estimates were averaged from 1000 replicates of 500 loci subsampled with replacement.
SNP dataset
wild individuals remaining in a single, small desert region between eastern Niger and western Chad (Newby and Wacher 2008) . The portion of captive animals in North America held within institutions accredited by the Association of Zoos & Aquariums (AZA) is formally, cooperatively managed to maintain a demographically robust, genetically diverse population. The current population includes around 200 individuals and is descended from approximately 15 founders imported from Chad and the Khartoum Zoo, Sudan, during the 1960's and 1970's (Houston et al. 2013) . Like other captive populations of addax held worldwide, the AZA population serves as an important reservoir of genetic diversity for the species. Recent reintroductions and repatriations of addax into fenced parks and reserves in Morocco and Tunisia were undertaken using individuals from captive herds in Europe and North America, including the AZA population. Given the conservation significance of the AZA population, it is important that its genetic management be underpinned by accurate data. Although an International Studbook has been maintained for captive addax since the 1950's, only 13% of the AZA population can be traced to specific founders. Because pedigree-based breeding selection schemes have been proven to maximally retain a captive population's gene diversity over the long-term (Ballou and Lacy 1995; Ivy and Lacy 2012) , the genetic management of the AZA addax population is greatly hampered. In addition, like most other captive populations of antelope, the AZA population of addax was severely bottlenecked when it was founded by a small number of individuals. This study has demonstrated that current methodologies for generating SNP data on non-model species can readily and effectively be used to estimate molecular coancestries between individuals in a relatively inbred captive breeding program (Figure 3a and b) , thereby providing a proxy for the pedigree-based kinships needed for breeding pair selection schemes. Furthermore, we confirmed that the Illumina BovineHD BeadChip produces sufficient SNP data for accurately estimating molecular coancestries for related non-model species, as antelope lineages diverged bovine lineages ~23 million years ago (Matthee and Davis 2001) . The genetic management of many other captive breeding programs for critically endangered antelope, like the AZA population of scimitar-horned oryx (Oryx dammah), also suffers from incomplete or poorly known pedigrees. Our study results indicate that these antelope programs could confidently use either the BovineHD BeadChip or a ddRAD approach to generate SNP data for better informing breeding pair selection schemes. Similarly, the recently developed 52K domestic goat SNP chip (Tosser-Klopp et al. 2014) could be utilized to obtain molecular coancestries of captively managed Caprinae species. Although the moderate-density goat SNP chip contains far fewer SNPs than the high-density bovine chip, the divergence of Caprinae lineages from Bovinae is thought to be only ~15-20 million years ago (Allard et al. 1992) , which may allow for sufficient SNP calling. Miller et al. (2012) examined the applicability of using 3 domestic species' SNP chips (ovine, bovine, and equine) on wild relatives and found a linear decline in successful SNP calls of ~1.5% per million years divergence and an exponential decline in polymorphism retention. RAD methods may be preferable for situations where the wild relative of a domestic species with a SNP chip is greatly diverged.
Pairwise allele sharing (AS) estimates, which are also referred to as molecular coancestry, calculated from the SNP chip and ddRAD datasets were strongly correlated, regardless of filtering for minor alleles present in more than 1 individual or not (Figure 3a and b) . Removing SNP loci for which a minor allele was present in only 1 individual did not have an appreciable effect on the AS variances for the SNP chip dataset, but those removals did decrease the variances of AS estimates for the ddRAD dataset when fewer than 250 randomly sampled SNPs were used in calculations (Figure 1) . When fewer than 500 SNPs were sampled, the SNP chip dataset produced significantly lower AS variances than the ddRAD dataset (Figure 1 ). Adjusting data filters to increase the percentage of individuals genotyped at each SNP locus decreased variances in AS calculated from both the SNP chip and ddRAD datasets, although increasing the percentage of individuals genotyped at a given SNP locus beyond 50% within the ddRAD dataset rapidly decreased the number of loci included in analyses. For example, only 27 SNPs were genotyped in 90% of individuals in our ddRAD dataset. These results suggest that Open circles are not known to be parent-offspring, but not all relationships were known with confidence due to the population's incomplete pedigree. Allele sharing estimates were averaged from 1000 replicates of 500 loci subsampled with replacement. sufficient care should be taken to properly filter SNPs when AS estimates are intended to be used for captive population management, particularly when those estimates are derived from ddRAD data. If too few or improperly filtered loci are used, it is quite possible that AS estimates could actually be less accurate than those derived from a pedigree with reasonable analytical assumptions.
Our study utilized similarity indexes, by estimating allele sharing (AS), rather than a relatedness (r) estimator to quantify relationships between individuals. A notable challenge for molecular analyses on captive breeding programs is that meaningful population-level allele frequencies are often very difficult, if not nearly impossible, to estimate for populations that are extensively fragmented across numerous institutions and managed through non-random mating strategies. Furthermore, although relatedness estimators are unbiased when the population of interest is unrelated and not inbred, using allele frequencies from individuals sampled across generations is problematic. For example, the founders of the current population of addax managed in North American zoos were imported from several different wild and captive populations over a number of years. This likely resulted in some degree of admixture as individuals from these previously fragmented populations, which differed in their genetic diversity and allele frequency distributions, were combined. Although substantial effort can be devoted to sample collection for the purposes of resolving relationships within captive populations, our experience with such endeavors has proven that samples ultimately available for such a study are only very rarely random subsets of the living population; some institutions will sample only 1 or 2 animals while others will sample their entire collection (for addax that could be 40 individuals, related by various unknown degrees). Because allele frequencies calculated from these sample sets cannot easily be compared to what would be expected in a large randomly mating population, we propose that molecular analyses methods that rely on allele frequencies are not suitable for empirically estimating relationships between individuals in most captive breeding programs. Similarity indexes like AS provide an alternative for estimating relationships when allele frequencies cannot be calculated and have been shown to strongly correlate with kinships calculated from a pedigree (Cunningham et al. 2001; Hoffman et al. 2014) . When sample sets allow for reasonable allele frequency calculations, relatedness estimators can be used to confidently quantify relationships among individuals (e.g., Goncalves da Silva et al. 2010) . However, when this is not the case, we recommend studies that aim to apply molecular estimates of relationship to improving the long-term genetic management of captive wildlife breeding programs focus on providing estimates of molecular coancestry.
The samples available for molecular work on captive wildlife populations are often varied and of differing qualities. We utilized 3 different sample types and 2 different DNA extraction methods when preparing our ddRAD library. Perhaps not unsurprisingly, recently collected whole blood provided the greatest number of usable SNP genotypes. Nine of the 10 dried blood samples collected on FTA cards were removed from analyses because they were genotyped at fewer than 1000 SNPs in our catalog of 44 632 loci. An additional 3 historically collected blood samples (out of 16 included in the ddRAD library) also were removed from analyses due to lack of matching genotypes. Although all 3 samples were extracted using phenol-chloroform, we postulated that sample quality and not extraction method was at fault. These results suggest that sample type and quality, as well as DNA quality following extraction, should be carefully considered prior to ddRAD library preparation. Although no FTA card samples were used to collect data from the SNP chip, that genotyping method proved more robust to varying DNA qualities and quantities; all 15 of the historically collected blood samples extracted using phenol-chloroform that were included in the assay were retained for downstream analyses.
Because only 13% of the addax pedigree in North American zoos can be traced to specific wild-caught animals, using molecular data to clarify relationships within the living population would immediately and significantly improve the long-term genetic management of this captive breeding program. Studies on thoroughbred horses (Cunningham et al. 2001 ) and mice (Hoffman et al. 2014) have found nearly perfect correlations between kinships calculated from accurately known pedigrees and molecular allele sharing estimates from SNPs. Although the addax pedigree is poorly known, analytic assumptions increase the proportion of the living pedigree that can be traced to specific founders to 94.9% (Houston et al. 2013) . Pedigree assumptions have been incorporated into the addax pedigree by population managers to facilitate genetic analyses that depend on a complete pedigree and provide a baseline from which to estimate recent relationships; they are not intended to accurately estimate population-level gene diversity. We hypothesized that the degree of correlation between the analytic pedigree and molecular estimates of AS would provide information on the accuracy of the pedigree assumptions and found that AS estimates generated from both the SNP chip and ddRAD datasets exhibited a strong correlation with the pedigree. Additional data must be collected because the sampled individuals included in this study represent only a portion of the living addax population, but these initial results optimistically suggest that the analytic pedigree assumptions historically created for this population are not adversely impacting long-term pedigreebased genetic management.
As a whole, the results of this study provide both a proof of concept and a model for applying molecular data to genetic management of captive breeding programs for threatened and endangered wildlife species. Both the BovineHD BeadChip and ddRAD sequencing generated sufficient SNP data for accurately estimating molecular coancestries within a zoo-based population of antelope with a poorly known pedigree. Of the 2 approaches we investigated, the selection of which approach to utilize for generating SNP data on other captive populations-SNP chip or ddRAD sequencing-will undoubtedly vary by species. We suggest that if a SNP chip is available for a species within the same taxonomic family as the species of interest, a chip approach would likely be the preferred choice due to the simpler, more streamlined analyses options available for data generated from that platform. If a SNP chip for a reasonably close relative of the species of interest does not exist (currently reptiles, amphibians, non-gallinaceous birds, marsupial mammals, etc.) then ddRAD sequencing would likely be the preferred choice, although downstream data analyses would require greater computational skills. A third option would be to use ddRAD data from a small pilot study to design a custom SNP chip for the species of interest, but this would likely be the most efficient and cost-effective approach only when several hundred samples could be run within a short period of time (the shelf-life of custom SNP chips are typically 12 months). Our experiences with integrating molecular data into the genetic management of zoo populations have suggested that few studies include more than 150-200 samples. Furthermore, for species like addax where animals of unknown ancestry still continue to be imported into North American zoo populations from the private sector, a handful of samples must continue to be infrequently run after the bulk of SNPs are generated to continue integrating new animals into the population. Studies requiring only a few hundred samples can easily be accommodated by a small number of ddRAD sequencing runs (our approach pooled 48 samples per run), and the ddRAD approach offers the additional flexibility of pooling samples from different species into a single run to more quickly and efficiently process small numbers of samples on an ongoing basis. However, before any approach for generating SNP data is selected, it is important to evaluate whether sufficient individuals either have or can be sampled to facilitate a productive study. Molecular data can only be used to estimate molecular coancestries between sampled individuals, so it is critical to include a large enough portion of the captive population in such an analysis to adequately resolve the pedigree of most, if not all, of the living individuals.
